Glomerular podocytes express proteins, such as nephrin, that constitute the slit diaphragm, thereby contributing to the filtration process in the kidney. Glomerular development has been analyzed mainly in mice, whereas analysis of human kidney development has been minimal because of limited access to embryonic kidneys. We previously reported the induction of three-dimensional primordial glomeruli from human induced pluripotent stem (iPS) cells. Here, using transcription activator-like effector nuclease-mediated homologous recombination, we generated human iPS cell lines that express green fluorescent protein (GFP) in the NPHS1 locus, which encodes nephrin, and we show that GFP expression facilitated accurate visualization of nephrin-positive podocyte formation in vitro. These induced human podocytes exhibited apicobasal polarity, with nephrin proteins accumulated close to the basal domain, and possessed primary processes that were connected with slit diaphragm-like structures. Microarray analysis of sorted iPS cell-derived podocytes identified well conserved marker gene expression previously shown in mouse and human podocytes in vivo. Furthermore, we developed a novel transplantation method using spacers that release the tension of host kidney capsules, thereby allowing the effective formation of glomeruli from human iPS cell-derived nephron progenitors. The human glomeruli were vascularized with the host mouse endothelial cells, and iPS cell-derived podocytes with numerous cell processes accumulated around the fenestrated endothelial cells. Therefore, the podocytes generated from iPS cells retain the podocyte-specific molecular and structural features, which will be useful for dissecting human glomerular development and diseases.
congenital nephrotic syndrome. 3 The nephrin protein encoded by NPHS1 intercalates with those from neighboring cells, thus forming a molecular mesh that hinders serum proteins of high molecular weight from leaking into the urine. 4, 5 To date, many slit diaphragm-associated proteins have been identified, including NPHS2 (encoding podocin) and NEPH1, mutations that cause proteinuria in humans and/or mice. 6, 7 Podocytes are derived from nephron progenitors that reside in the embryonic kidney and express transcription factor Six2. 8 Upon Wnt stimulation, the nephron progenitors undergo mesenchymal-to-epithelial transition and form a tubule. 9 This tubule changes its shape; one end forms the glomerulus with podocytes inside, which is surrounded by a Bowman's capsule. Meanwhile, vascular endothelial cells and mesangial cells migrate into the developing glomeruli, thus connecting the glomeruli with circulation. 2 In these processes, several transcription factors, including Wt1, regulate expression of nephrin in podocytes. 10 Apical junctions are initially formed between the presumptive podocytes, but the apical domain loses its direct contact with that of the neighboring cells, thus forming the characteristic podocyte shape. Nephrin is eventually localized to the site close to the basal domain and contributes to the formation of the slit diaphragm. 2 The molecular mechanisms underlying podocyte development have been extensively studied in mice. However, because of limited access to human embryos, relatively little is known regarding transcription profiles of podocytes and glomerulogenesis in humans. 4, 11, 12 We have recently induced the nephron progenitors from mouse embryonic stem (ES) cells and human induced pluripotent stem (iPS) cells by redefining the in vivo origin of the nephron progenitors. 13 The induced progenitor aggregates readily form three-dimensional primordial glomeruli and renal tubules upon Wnt stimulation in vitro. To analyze the detailed structures and transcription profiles of the induced podocytes, we have here inserted the GFP gene into the NPHS1 locus of human iPS cells via homologous recombination using transcription activator-like effector nucleases (TALENs) 14 and generated glomeruli with green fluorescent protein (GFP)-tagged podocytes.
RESULTS

Fluorescent Visualization of Human Glomerular Podocytes Generated from NPHS1-GFP iPS Cells
To visualize developing human podocytes in vitro, we inserted a gene encoding GFP into the NPHS1 locus of human iPS cells by homologous recombination ( Figure  1A ). We first constructed a pair of plasmids expressing TALENs targeted in close proximity to the NPHS1 start codon. When tested in HEK 293 cells, these plasmids efficiently deleted the NPHS1 gene (Supplemental Figure 1A) . We then introduced these TALEN plasmids, along with a targeting vector containing the GFP gene and the homology arms, into human iPS cells. This resulted in efficient homologous recombination and isolation of heterozygous GFP knock-in (NPHS1-GFP) clones ( Figure 1B , Supplemental Figure 1 , B and C).
We differentiated these NPHS1-GFP iPS clones toward the nephron progenitors and subsequently combined them with murine embryonic spinal cord, which is a potent inducer of tubulogenesis, as we previously reported. 13 Four days after recombination, spotty GFP signals could be observed, and the number and intensity of GFP signals increased thereafter until day 9 ( Figure 2A , Supplemental Figure 2A ). We observed GFP signals in all the examined samples from seven independent experiments (a total of 50 samples). Some of the signals started in a crescent shape and gradually changed into round structures ( Figure 2A , lower panels), which suggests that human glomerular formation in vitro may be visualized. Therefore, we examined glomerulogenesis using sections of the explants. At day 3, only tubular structures were observed and GFP-positive cells were undetectable ( Figure 2B ). At day 4, structures that resembled S-shaped bodies were observed, in which proximo-distal specification occurred toward the presumptive distal (E-cadherin+) and proximal (cadherin-6+) renal tubules and glomerular podocytes (WT1+) ( Figure 2C ). At day 6, various forms of primordial glomeruli were observed, and most of the GFP signals overlapped with those of WT1 ( Figure  2B ). We ordered these glomeruli according to GFP intensity, which is likely to reflect the chronologic order of development. Weakly GFP-positive (and WT1-positive) limbs appeared at one end of the tubules, which elongated to surround the renal tubules. GFP intensity increased when the podocyte layers were convoluted. At day 9, strongly GFP-positive round glomeruli were formed. These histologic changes are consistent with the previous observations of human glomeruli in aborted fetuses. 15 Thus, we succeeded in visualizing human podocyte development and glomerulogenesis in vitro. Interestingly, some, but not all, of the Bowman's capsule cells were positive for GFP and nephrin (Supplemental Figure 2B) , suggesting that these cells are not completely specified yet. Indeed, transient nephrin expression in some capsule cells was reported in vivo. 16 Induced Podocytes Exhibit Apicobasal Polarity and Basally Localized Nephrin We analyzed day 9 sections at higher resolution to examine the apicobasal polarity of the induced podocytes. GFP was detected in the nuclei and cytoplasm of most cells in the round glomeruli ( Figure 3A ) because we did not attach any localization signal to GFP when generating NPHS1-GFP iPS cells. Nephrin proteins were distributed in a linear fashion in the iPS cell-derived glomeruli and at one end of the WT1-positive podocyte layer The nephron progenitors induced from NPHS1-GFP iPS cells were combined with murine embryonic spinal cord and cultured for the indicated time. Lower panels: higher magnification of the areas marked by rectangles in the upper panels. Note the shape changes of the glomerulus (arrowheads). Scale bars: 500 mm. (B) Histologic sections of glomeruli developing in vitro. Tissues at day 3, 6, and 9 after recombination with the spinal cord were analyzed. Top panels: Hematoxylin-eosin (HE) staining. Middle panels: GFP (green) staining. Bottom panels: dual staining with GFP and WT1. Nuclei were stained with 49,6-diamidino-2-phenylindole (DAPI: blue). Scale bars: 20 mm. (C) Presumptive S-shaped bodies observed at day 4 (left two panels) and day 6 (right two panels). Serial sections were stained with E-cadherin (Ecad: magenta)/cadherin-6 (cad6: green) and E-cadherin (magenta)/WT1 (green). Arrowheads: WT1-positive presumptive glomerular regions. Scale bars: 20 mm. ( Figure 3 , A and B). These expression patterns significantly overlapped with those of type IV collagen, which was accumulated on the basal side of the podocytes ( Figure  3C ). In contrast, podocalyxin, an apical marker, was expressed in a manner mutually exclusive of nephrin ( Figure 3D ). Therefore, the induced podocytes exhibited a well established apicobasal polarity and nephrin proteins were properly localized at the basal side, where the presumptive slit diaphragm should be formed. We also observed nephrin-positive dots on the lateral side of the podocytes ( Figure 3A , arrowheads), as reported in human developing podocytes in vivo. 15 We found that these dots actually represent the filamentous structures encompassing the basal to the lateral side of the podocytes ( Figure 3 , B and C, arrowheads). Although further investigation is required, this may reflect the transit state of nephrin proteins shifting from the apical to the basal domain of the induced podocytes.
Induced Podocytes Possess Primary Processes with the Slit DiaphragmLike Structures
We further analyzed the morphology of the induced glomeruli by electron microscopy. Both scanning and transmission electron microscopy showed well organized glomeruli surrounded by Bowman's capsules (Figure 4 , A and B). Interestingly, numerous microvilli were detected in the apical domain of the induced podocytes ( Figure 4 , C and D). Similar microvilli were reported in developing in vivo podocytes in humans. 17, 18 The podocytes were attached to each other at sites close to the basal region ( Figure 4D ). Inspection of the basal side of the induced podocytes by scanning microscopy identified multiple protrusions ( Figure 4E ), which were confirmed by transmission microscopy ( Figure 4F ). Higher magnification clearly showed bridging structures between the protrusions, which may represent an immature form of the slit diaphragm ( they are likely to represent primary processes but not secondary processes (foot processes).
Induction of Podocytes from Human NPHS1-GFP iPS Cells Enables Their Efficient Isolation
We next tried to purify the GFP-positive podocytes at day 9 by FACS. Of the induced cells, 7.45%60.72% (mean6SEM from five independent induction experiments) were positive for GFP ( Figure 5A , left panel). We also found that the monoclonal antibody against the extracellular domain of nephrin (48E11), 19 in combination with the anti-podocalyxin antibody, was useful for sorting developing podocytes. Of the GFP-positive cells, 94.0% were positive for both nephrin and podocalyxin ( Figure 5A , middle panel), while most of the GFP-negative cells (97.5%) were negative for both markers ( Figure 5A , right panel). Thus, GFP faithfully mimics nephrin expression and podocytes were enriched in the GFP-positive population. Quantitative RT-PCR analysis of sorted cells confirmed the differential expression of several podocyte markers, such as NPHS2 (encoding podocin) and synaptopodin ( Figure  5B ). When the sorted GFP-positive cells were cultured for 3 days, the cells expressed WT1 in nuclei and podocalyxin on the cell surface ( Figure 5C ). Nephrin and GFP were detected on the cell surface membrane and in the cytoplasm, respectively, at day 7 of culture, although expression levels were lower than before the start of the culture. These results indicate that induction from NPHS1-GFP iPS cells enables efficient isolation of developing human podocytes.
GFP-Positive-Induced Podocytes Show Transcriptional Profiles That Overlap with Those of Mouse and Human Podocytes In Vivo
To obtain comprehensive transcription profiles of the iPS cellderived podocytes, we performed microarray analysis at day 9. We detected 2985 probes that were enriched in GFP-positive podocytes compared with GFP-negative cells. Of these, the top 300 genes were used for unbiased cluster analysis against microarray data from a wide variety of human tissues (Supplemental Figure 4 , A and C). 20 Genes enriched in the GFPpositive podocytes had variable tissue specificity. For example, NPHS2 was selectively expressed in the kidney or fetal kidney tissues. However, synaptopodin and FOXC2 were sorted into the ubiquitously expressing cluster. Dendrin was assigned to a cluster enriched in the neuronal tissues. These results suggest a single molecule is not sufficient to confirm the identity of podocytes. Therefore, we compared our gene list of GFPpositive human podocytes with the published microarray analyses of adult human glomeruli and adult podocytes from Mafb-GFP transgenic mice. 11, 21 Overall, 190 probes were overlapping among the three gene sets ( Figure 5D , Supplemental Table 1 , Table 1 ). These included typical slit diaphragm-related genes, such as NPHS1, NPHS2, CD2AP, 22 chloride intracellular channel protein 5 (CLIC5), 23 and dendrin, 24, 25 and basolateral adhesion molecules such as claudin 5 and integrin a3. 26 , 27 Phospholipase «1 and nonmuscle myosin heavy chain 9 (Myh9), causative genes for hereditary kidney diseases, [28] [29] [30] were also included. Transcription factors that have important roles in podocyte development, including WT1, MAFB, FOXD1, and TCF21, as well as vascular attractants such as VEGFA and semaphorin, were also expressed. 1, 2, 31 Interestingly, when these selected overlapping genes were used for the cluster analysis against the microarray data from various organs described above, kidney and fetal kidney were segregated as separate clusters, suggesting the kidney-biased features of the overlapping gene set (Supplemental Figure 4B) . We also identified genes common to GFP-positive podocytes and adult human glomeruli ( Figure 5D , Supplemental Table 2 ), and genes common to GFP-positive podocytes and mouse adult podocytes ( Figure 5D , Supplemental Table 3 ). The former includes BMP7, 32 while the latter includes NEPH1 (KIRREL), FOXC2, ROBO2, and EPHRIN-B1. 7, [33] [34] [35] [36] These results indicated that the typical transcriptional profiles are well conserved among our podocytes generated in vitro as well as mouse and human podocytes in vivo. In addition, extracellular matrix components characteristic of glomeruli at the capillary loop stage, laminina5/b2/g1 isoforms (corresponding to laminin 521) and type IV collagen a4/a5, 37 were detected, the latter of which is the causative gene for Alport syndrome. These data indicate that the transition to these mature forms from immature laminin 111 and collagen a1/a2 has already occurred in vitro.
Taken together, our podocytes induced in vitro possessed the typical features of those in vivo, not only in morphology but also in transcription profiles, further supporting the authenticity of our human iPS cell induction protocol. In addition, genes exclusively expressed in the GFP-positive podocytes are worthy of further investigation because they may include genes specific to developing human podocytes, a possibility that has not been addressed to date ( Figure 5D , Supplemental Table 4 ).
Transplanted iPS Cell-Derived Nephron Progenitors Form Vascularized Glomeruli
We next examined whether glomeruli generated from iPS cells integrated with the vascular endothelial cells. The iPS cell-derived nephron progenitor spheres were induced by spinal cord for 1 day in vitro to initiate tubulogenesis and were then transplanted beneath the kidney capsule of immunodeficient mice. We also cotransplanted mixed aggregates of human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) because these cells are useful for the generation of vascularized organ buds in vitro. 38, 39 When these aggregates were transplanted using a conventional method that we used for the transplantation of mouse ES cell-derived nephron progenitors, 13 minimal nephron differentiation was observed at 10 days after transplantation (n=4) ( Figure 6A ). Because human iPS cell-derived aggregates were larger (approximately 1000 mm in diameter) than those from mouse ES cells (approximately 600 mm) and were instantly flattened upon transplantation (Supplemental Figure 5A) , we hypothesized that mechanical tension of the capsule may have hampered nephron differentiation. Therefore, we inserted two agarose rods of 1100 mm diameter in a V-shaped position to release tension and secure a space for the transplanted aggregates ( Figure 6B ). We also soaked the rods with VEGF to enhance vasculogenesis. 31 As a result, we observed immature glomerular formation at day 10 in the transplants, accompanied by blood vessels integrating into these glomeruli (n=5) ( Figure 6, C and D) . The vessels were preferentially clustered in the glomeruli among the grafted tissue ( Figure 6D ), suggesting that the iPS cell-derived podocytes possess the potential to attract vasculature. This is also consistent with microarray data showing VEGFA expression in our induced podocytes.
At day 20 after transplantation, we observed enlarged transplanted tissues beneath the capsule (Supplemental Figure  5B) . Histologic examination revealed excessive growth of stromal cells of human origin, which were presumably derived from nonrenal tissues that were coinduced with nephron progenitors from iPS cells (n=4) ( Figure 6E , Supplemental Figure  5C ). Nonetheless, glomeruli were formed and the blood vessels were well integrated into the glomeruli (Figure 6 , F and G). Moreover, 90% (135 of 150) of the glomeruli contained red blood cells ( Figure 6H ). Indeed, some of the glomeruli showed an enlarged Bowman's space and contained eosin-positive precipitation ( Figure 6I ), which might imply a small amount of urine production. Interestingly, endothelial cells in the induced glomeruli were of mouse origin ( Figure 6G , Supplemental Figure  5D ). HUVEC-derived endothelial cells were not integrated into the iPS cellderived glomeruli but were located separately from the sites of nephron formation (Supplemental Figure 5E) . Therefore, HU-VEC may not be competent to interact with human podocytes.
The anti-human specific podocalyxin antibody stained the apical domains of the iPS cell-derived podocytes, but not those of the host mouse podocytes (Supplemental Figure 5F ). Nephrin protein in induced podocytes was localized at the basal side that faced the vascular endothelial cells (Figure 6J ), suggesting the emergence of filtering apparatus. Electron microscopic analyses of two additional samples at day 20 showed that iPS cellderived podocytes accumulated around, and were closely associated with, endothelial cells ( Figure  7A ). The induced podocytes developed numerous complex cell processes, as well as a linear basement membrane, at interfaces with endothelial cells ( Figure 7B ). The distances between the cell processes of some podocytes were enlarged, and slit diaphragm-like structures were formed between the processes located above the basement membrane ( Figure 7C ). Each of these diaphragms appeared as an electron-dense line (approximately 35 nm wide, 10 nm thick) bridging adjacent cell processes of the iPS cell-derived podocytes ( Figure 7D ). This feature was also observed in vivo and differed from the immature ladder-like structure that was seen between adjacent podocytes cultured exclusively in vitro without transplantation ( Figure 4 ). Endothelial cells also produced basement membrane, but it was not fused to that of the podocytes in most cases, thus forming double-layered structures ( Figure  7E ). Interestingly, endothelial cells were fenestrated with residual diaphragm, a characteristic feature of embryonic glomerular endothelial cells ( Figure 7F ). 40 Furthermore, an electron-dense substance was detected in the Bowman's space ( Figure 7C ), as in Figure 6I , implying the possible presence of filtration. Taken together, glomeruli generated from human iPS cells were vascularized and had many morphologic features present in glomeruli in vivo.
DISCUSSION
We have inserted GFP into the NPHS1 locus of human iPS cells and successfully differentiated them toward three-dimensional glomeruli. The GFP-positive-induced podocytes possessed apicobasal polarity and were equipped with primary processes and slit diaphragm-like structures. Furthermore, sorted podocytes exhibited typical transcription profiles that overlap with those in vivo. These findings underscore the authenticity of our induction protocol. NPHS1 promoter-driven GFP expression is a good indicator of glomerulus formation. Several groups have reported the induction of kidney tissues in vitro, 13, [41] [42] [43] and our iPS cell lines will be useful for assessing the induction efficiency of glomeruli by each protocol. In addition, we successfully sorted human podocytes using a combination of anti-nephrin and anti-podocalyxin antibodies. These reagents will make genetic GFP integration unnecessary for the purification of podocytes from patientderived iPS cells, and possibly from more complex in vivo tissues. It is surprising that well organized glomeruli are formed without the other two components of glomeruli: mesangial and vascular endothelial cells. These two cell types are not derived from nephron progenitors, as shown by cell lineage analysis in mice, 8, 44, 45 and indeed we did not detect these lineages in the induced glomeruli (Supplemental Figure 3D) . Thus, glomeruli can self-organize their structures solely from the podocytes derived from nephron progenitors, without any inductive signals from mesangial cells or the vasculature. However, further maturation will be required to reproduce hereditary glomerular diseases. We developed a new transplantation technique using agarose rods to secure a space against the tension evoked by kidney capsules. This technical improvement led to the successful generation, for the first time, of vascularized glomeruli derived from human iPS cells. The induced podocytes exhibited complex cell processes with slit diaphragm-like structures, and linear basement membrane that ran along that of the endothelial cells was formed. Furthermore, endothelial cells were fenestrated, which is a characteristic feature of glomerular endothelial cells. Most experiments used agarose rods soaked with VEGF to potentially accelerate vasculogenesis; however, the absence of VEGF in the rods also caused the formation of vascularized glomeruli (Supplemental Figure 5G) . Thus, we can at least conclude that the human iPS cell-derived podocytes expressed sufficient attractants, including VEGF, to recruit endothelial cells.
It is noteworthy that the integrated endothelial cells were of mouse origin from the host animals but were not derived from HUVECs, although both vascular sources were initially located in proximity to the iPS cell-derived transplants. Therefore, human podocytes recruited mouse endothelial cells despite species differences, while HUVECs may not be competent to interact with human podocytes. Even when we performed transplantation without HUVECs or MSCs, we observed vascularized glomeruli, suggesting that paracrine effects of these cells may also be minimal (Supplemental Figure 5H) . The presence of double-layered basement membrane might be caused by the incomplete fusion between those derived from human podocytes and mouse endothelial cells, as observed when mouse embryonic kidney was transplanted onto a quail chorioallantoic membrane. 46 Therefore, the identification of optimal sources for human endothelial cells is necessary.
While it is difficult to estimate the gestational age on the basis of the morphology of the individual glomeruli, 47, 48 waiting for a longer period after transplantation may help further maturation of induced podocytes. However, we observed an excessive growth of stromal, presumably nonrenal, cells in the transplants. Thus, it will be essential to develop methods to purify nephron progenitors for transplantation. At the same time, it is necessary to induce genuine stromal cells because both interstitial cells and mesangial cells are derived from renal stromal progenitors. 45 At present, we have no evidence that proper mesangial cells exist in our vascularized glomeruli. Ideally, human endothelial and mesangial cells that correspond to those in the developing kidney should be combined. Although further induction studies, as well as imaging techniques to visualize the slit diaphragm with a higher resolution, 49 are needed to achieve this goal, our results will accelerate the understanding of human podocyte biology both in developmental and diseased states.
CONCISE METHODS
Generation of NPHS1-TALEN Plasmids and Validation of Their Activity
NPHS1-TALENs were designed to bind the following sequences to cleave close to the starting codon of NPHS1: 59-TGGCCCTGGGGAC-GACGC-39 for the left TALEN and 59-TCAG-CAGCCCCAGGAGCA-39 for the right TALEN (the underlined sequence corresponds to the latter two thirds of the starting codon). Platinum Gate TALEN Kit (Addgene; Kit #1000000043) was used to construct a TALEN expression vector as described previously. 50 A CAG promoter-driven vector was used as the destination vector. To evaluate mutagenic efficiency, NPHS1-TALENs were transfected into HEK293 cells using Lipofectamine 2000 (Life Technologies). The target region was amplified using the following primers: 59-AAA-GAAAAGCAGGTGGCAGA-39 and 59-AAAGGGCAGAGGG-TTTGTCT-39. When the fragment was denatured and annealed, we observed a clear band shift that indicated formation of a mismatched duplex resulting from deletions or insertions. 51 The amplified fragment was then cloned into pCRII-TOPO (Invitrogen) and 10 clones were sequenced (Supplemental Figure 1A) .
Generation of NPHS1-GFP iPS Cells
The human iPS cell line (201B7) was maintained on mouse embryonic fibroblasts as described elsewhere. 52 The cells were pretreated with Y27632 (10 mM) 1 hour before electroporation and were dissociated into single cells with collagenase-containing trypsin solution (CTK: ReproCELL) followed by Accutase (Millipore); 59 and 39 homology arms (0.87 kb and 0.92 kb, respectively) of NPHS1 were then amplified from the genomic DNA of the iPS cells using the following primers: 59-ggatccGGGAGACCACCTTGATCTGA-39 and 59-gctagc-CACAGGTCCCCCTACTGTGA-39 for the 59 homology arm and 59-ggcgcgccT GCTGACTGAAGGTGAGTGG-39 and 59-gcggccgcGGCCCTTAGAAGGGTACTGG-39 for the 39 homology arm. Upon sequence verification, these arms were cloned in the BamHI-NheI and AscI-NotI sites, respectively, of the Oct4-eGFP-PGK-PURO vector (obtained from Addgene), 14 such that the starting codon of NPHS1 was replaced with that of GFP. This targeting vector (5 mg), as well as the pair of TALEN plasmids (5 mg each), was electroporated into the dissociated human iPS cells using Super Electroporator NEPA21 (Neppagene) under the following conditions: two poring pulses (125 V, 2.5 msec) followed by five transfer pulses (20 V, 50 msec) . Subsequently the cells were plated onto puromycinresistant DR4 feeders and puromycin (0.25 mg/ml) was added 2 days after electroporation. 53 Six of 12 puromycin-resistant clones were correctly targeted as determined by PCR and Southern blotting analyses. The primers used for PCR screening of 59 recombination were 59-AGCACCAGCTACTTGGGAGA-39 and 59-AAGTC-GTGCTGCTTCATGTG-39 (product size: 1347 bp), and those for 39 recombination were 59-GCCTGAAGAACGAGAATCCAGC-39 and 59-ATCTCCCCACACCTTCTCCT-39 (product size: 1150 bp). PCR amplifications were performed using GoTaq DNA polymerase (Promega) by denaturation at 95°C for 5 minutes, followed by 35 cycles of 95°C for 30 seconds, 58°C for 60 seconds, and 72°C for 30 seconds, and a final extension at 72°C for 7 minutes. The digoxigeninlabeled probes for Southern blot analysis were amplified using the PCR dig probe synthesis kit (Roche Diagnostics) and the following primers: 59-CAAGTCATGGGGCTGTTTTT-39 and 59-TCACATGCTTGACTCCTTGC-39 for the 59 probe and 59-GGC-CCTTTTCCTCTAGAACG-39 and 59-AATTGGGTCCCAGA-TGTTCA-39 for the 39 probe. GFP faithfully mimicked NPHS1 expression in the podocytes, without deletion of the puromycinresistance cassette.
Kidney Induction from NPHS1-GFP iPS Cells
The NPHS1-GFP iPS clones were induced to nephron progenitors by a method previously established in our laboratory. 13 Subsequently the induced nephron progenitor aggregates were cultured at the airfluid interface on a polycarbonate filter (0.8 mm; Whatman) supplied with DMEM containing 10% FCS and with mouse embryonic spinal cord taken from E12.5 embryos. 13 Upon confirmation of the capacity of multiple clones to differentiate into glomeruli, clone #3 was maintained in a feeder-free condition as described earlier 54 and mainly used for the detailed analyses. Fifty of 50 analyzed aggregates from seven independent experiments showed GFP expression. Among these, the fluorescent images of four aggregates were taken daily using a macrozoom laser confocal microscope AZ-C1 (Nikon).
Immunohistochemical Analysis
Samples were fixed in 10% formalin, embedded in paraffin, and cut into 6-mm thick sections. Antigen retrieval in citrate buffer was performed before staining. Alternatively, the samples were fixed in 4% formaldehyde for frozen sections. The following primary antibodies were used: guinea pig anti-nephrin (Progen Biotechnik, catalog no. GP-N2); chick anti-GFP (Abcam, catalog no. ab13970); rabbit anti-GFP (Life Technologies, catalog no. A-11122); rabbit anti-WT1 (C19) (Santa Cruz Biotechnology, catalog no. sc-192); rabbit anti-type IV collagen (Rockland Immunochemicals, catalog no. 600-401-106); mouse anti-E-cadherin (BD Biosciences, catalog no. 610181); rabbit anti-cadherin-6 (kind gift from Gregory Dressler) 55 ; goat antipodocalyxin (R&D Systems, catalog no. AF1658); rabbit anti-CD31 (Abcam, catalog no. Ab28364); rat anti-CD31 (BD Biosciences, catalog no. 557355); anti-human CD31 antibody (Thermo Fisher Scientific, catalog no. MA5-15336); anti-mouse endothelial cell antigen (MECA-32: Novus Biologicals, catalog no. 100-77668); and antihuman nuclear antibody STEM101 (Takara Bio, catalog no. Y40400). Secondary antibodies were conjugated with Alexa 488 or 568 (Life Technologies). Immunofluorescence was visualized with an LSM780 confocal microscope (Carl Zeiss) or a TCS SP8 confocal microscope (Leica). Seven samples at day 9 obtained from seven independent induction experiments in vitro were serially sectioned and showed consistent results.
Electron Microscopy
The tissues were fixed in 2.5% glutaraldehyde containing 1% tannic acid buffered with 0.1 M phosphate buffer (PB, pH 7.4), postfixed with 1% OsO4 in 0.1 M PB for 1 hour at 4°C, dehydrated in a graded ethanol series, and embedded in epoxy resin. Ultrathin sections were stained with 4% uranyl acetate and lead citrate and then examined with a JEM 1230 electron microscope (JEOL, Tokyo, Japan). For scanning electron microscopy, samples were fixed in 2.5% glutaraldehyde buffered with 0.1 M PB for 24 hours at 4°C. Samples were sliced with a razor blade into small pieces (1 mm thickness) and postfixed in 2% OsO4 for 2 hours. Subsequently, samples were dehydrated, substituted with t-butyl alcohol, and dried at 220°C in a vacuum. The samples were made electrically conductive by mounting on aluminum slabs with a carbon paste, followed by coating in an osmium plasma coater (Filgen Inc., Nagoya, Japan) to a thickness of approximately 10 nm, and then observed with a Hitachi S-4800 (Tokyo, Japan).
Flow Cytometry
Induced kidney tissues were dissociated by incubation with 0.25% trypsin/EDTA for 5 minutes. The percentage of cells in the GFPpositive fraction was examined in five independent induction experiments. In two of these experiments, further antibody staining was performed. After blocking in normal mouse serum (Thermo Fisher Scientific), staining was carried out in buffer comprising 1% BSA, 13 Hank balanced saline solution, and 0.035% NaHCO 3 . The extracellular domain of nephrin was stained with a mouse monoclonal antibody (48E11: a kind gift from K. Tryggvason), 19 followed by anti-mouse IgG1 phycoerythrin (eBioscience, catalog no. 12-4015-82). Podocalyxin was stained with a goat anti-podocalyxin antibody (R&D Systems, catalog no. AF 1658) followed by donkey anti-goat Alexa-633 (Life Technologies, catalog no. A21082). Data were obtained using a FACS SORPAria (BD Biosciences) and analyzed with FlowJo software (TreeStar, Inc.). Sorted podocytes were cultured in RPMI1640 with 10% FCS on coverslips coated with laminin-521 (BioLamina). Culture experiments were performed four times.
Quantitative RT-PCR and Microarray Analysis
RNA was isolated using an RNeasy Plus Micro Kit (Qiagen) and then reverse-transcribed with random primers using the Superscript VILO cDNA synthesis kit (Life Technologies). Quantitative PCR was carried out using the Dice Real Time System Thermal Cycler (Takara Bio) and Thunderbird SYBR qPCR Mix (Toyobo). The primer sequences are listed in Supplemental Table 5 . All the samples were normalized against b-actin expression. Three pairs of GFP-positive and -negative fractions were subjected to microarray analyses, which were performed using an Agilent Sure Print G3 human gene expression (8360K) microarray (Agilent Technologies). The microarray data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GSE66969). Enriched genes in the GFP-positive fraction were selected against the GFP-negative fraction, based on the following criteria: increase call at P,0.05 by the Benjamini-Hochberg procedure, fold induction .1.5, and raw expression level .150. Similarly, gene sets of adult human glomeruli were compared with those of tubules and interstitial cells (GSE21785). 11 Adult podocytes from Mafb-GFP transgenic mice (GSE17142) were compared with adult kidney cortex (GSE42713). 21, 56 Furthermore, genes enriched in GFP-positive podocytes or the gene list common to all three comparisons (Supplemental Table 1, Table 1 ) were applied for cluster analysis against the array from a variety of human tissues (GSE14938). 20 The data were analyzed using unsupervised hierarchical clustering with Canberra or Chebyshev distance, respectively, and average linkage method using GeneSpringGX13.
Transplantation of iPS Cell-Derived Kidney Tissues
We used the parental iPS cell line (201B7) to avoid the potential impairment of differentiation potentials caused by excessive passages. The iPS cell-derived nephron progenitor aggregates were cultured with E12.5 mouse spinal cords in vitro for 1 day to initiate tubulogenesis. 13 The 1:1 mixed spheres of HUVECs and MSCs (both from Ronza) were generated in U-bottom low cell-binding plates (Thermo Fisher Scientific; total, 50,000 cells/sphere). Two spacer rods were made in Hematocrit Tubes (DRUMMOND, 1-000-7500-C/5) with 4% agarose (SIGMA A6013) dissolved in PBS. The rods were soaked with recombinant VEGF (5 ng/ml dissolved; R&D Systems, 293-VE) in DMEM/F12 (Life Technologies, 11320-033) containing 10% bovine serum overnight. The host kidney capsule was incised at approximately 2 mm from the caudal end of the kidneys and the rods were carefully inserted in the lateral side with forceps. Inserted rods were arranged to make a V-shaped free space and briefly cauterized with capsule membrane by electric cautery to prevent them shifting from their initial positions. Finally, two iPS-derived aggregates with mouse embryonic spinal cords and two HUVEC/MSC mixed spheres were inserted from the incised window by a 20-gauge plastic indwelling needle connected by a P-200 Gilson pipette. Immunodeficient NOD/SCID/ JAK3null mice 57 were used as the host animal and were anesthetized with chloral hydrate (Wako Chemicals; 400 mg/kg body wt).
All animal experiments were performed in accordance with institutional guidelines and approved by the licensing committee of Kumamoto University (A27-018).
